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Abstract

Scientific progress has significantly reduced pandemic death causes, thus progressively increasing life
expectancy. This achievement forced researchers to face the main problem related to an aging
population: the occurrence of neurodegenerative disorders (NDDs). Unfortunately, today only
symptomatic drugs are available to delay the disease progression of NDDs. Moreover, the specificity
and selectivity of the current clinical diagnosis does not allow an early disease detection for a prompt
clinical intervention before symptoms onset. Therefore, part of the research is now focusing on two
main aspects: i) find out new selective biomarkers, ii) detect biomarkers in body fluids with more
sensitive and specific technological tools. In particular, in the last decade graphene has raised great
interest thanks to its unique chemical properties, easy availability, biocompatibility and low cost for the
synthesis of electrochemical and optical sensors-biosensors.

Here we report some of the most relevant new biomarkers under investigation and the new graphene
tools that could be potentially used to improve NDDs early diagnosis. Despite further investigations
are needed before a useful clinical employment of such new nanomaterials, promising positive results
are expected in the next future.
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Backgrounds

The mean age of the world’s population is increasing and, according to the World Population
Prospects, from 2015 to 2030 it is estimated that elderly people will raise by 56% (“World
Population Ageing 2015” 2015). Scientific progress has significantly reduced pandemic death
causes like infections, thus increasing life expectancy to around 80 years. Although
cardiovascular diseases and cancer still remain the first causes of death, the continuous
increase in life expectancy forced researchers to face the main problem related to an aging
population: the occurrence of neurodegenerative disorders (NDDs). NDDs comprise more than
600 diseases (Summers et al. 2017) characterized by a progressive loss of neurons in
central/peripheral nervous system. The etiology and the areas affected define a variety of NDDs
with different clinical outcomes. The most prevalent disease is Alzheimer’s disease (AD), a
dementia disorder with an estimated number of 44 million people affected worldwide (Prince et
al. 2016), followed by Parkinson’s disease (PD, incidence rate of 4.5-19 per 100 000 population
per year, (“Public Health Challenges WHO Library Cataloguing-in-Publication Data” 2018)).

The long list of NDDs also includes autoimmune and motor neuron disorders such as,
respectively, multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS). Indeed, the third
common type of NDD is MS, an autoimmune pathology that nowadays affects around 2.5 million
people in the world (“Public Health Challenges WHO Library Cataloguing-in-Publication Data”
2018).

The most common NDD is dementia, if we consider that about every three seconds one
person is developing this disorder. Moreover, it has been calculated that there are 9.9 million
new cases of dementia each year worldwide with a predicted higher percentage in low and
middle-income countries (Figure 1) (Martin Prince et al. 2015). Following the WHO survey, a
60% increase of AD and dementia cases is expected to occur by 2030.
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Figure 1. Modified by World Alzheimer Report 2015. Number of people with dementia in low, middle and
high income countries.

Neurodegenerative Diseases

Current Methods of Diagnosis

Currently, only symptomatic drugs are available for patients suffering from NDDs, in order to
delay the disease progression. Unfortunately, the progressive motor and/or cognitive deficits
impair patients’ activity of daily living and individual autonomy, resulting in the need of
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continuous assistance for everyday life and medications. Thus, the cost of NDDs goes well
beyond the direct health cost, i.e. cost mainly borne by the health sector, as these diseases
have devastating economic and social impact on both patients themselves and their family’s
caregivers. To face such a devastating situation selective and effective treatments are urgently
needed. In this context, there are two big challenges that researchers have to handle: i) to
identify the etiology (ies) of the diseases and the mechanisms of progression of the pathology
(ies); ii) to find a timely and early diagnosis for a prompt clinical intervention before symptoms
appearance.

Clinical diagnosis currently occurs after the appearance of symptoms, when available
therapies are ineffective to cure the disease, and medications can only delay its progression. An
early diagnosis preceding the fully symptomatic stage could allow interventions aimed to
successfully maintain good levels of physical and mental activity and to delay symptoms
manifestation. Nowadays, both AD and PD diagnoses are achieved too late, when symptoms
begin to interfere with everyday life. In the case of AD, clinical diagnosis is mainly based on
memory impairment, language problems, spatial orientation, executive dysfunction (making
decisions, planning, concentration, attention), emotional and social impairment. Similarly, the
typical motor symptoms considered fundamental for PD diagnosis are four: tremor,
bradykinesia, rigidity, and postural instability. These clinical features can be accompanied by
neuropsychiatric disturbances that involve cognitive, mood and behaviour alterations. In the
case of MS, 85% of the cases start as clinically isolated syndrome (CIS) with autonomic, visual,
motor and sensory problems as the most common symptoms (Tsang and Macdonell 2011).

In all these cases, a proper clinical diagnosis is also supported by the medical and family
history of the patient. However, clinical diagnosis requires to be complemented by a series of
analyses, including imaging and biochemical assessments, specific for each NDD, in order to
unequivocally identify the disease.

Imaging Approaches

Although the localization of early neuronal loss in the brain is different for each NDD
(hippocampus in AD, substantia nigra in PD, and striatum in Huntington Disease-HD), the toxic
accumulation of misfolded proteins is a common sign. Specific protein accumulations are the
typical post-mortem signs found in the brain of patients. In particular, f-amyloid plaques and
abnormal total tau proteins (t-tau), are frequently observed in AD, a-synuclein aberrant
protofibrils in PD and mutant huntingtin accumulation in HD. Moreover, cerebral lesions
generated by the accumulation of these proteins can be visualized by imaging techniques in
vivo, supporting a correct NDD diagnosis (Zhang et al. 2017; Reitz and Mayeux 2014).
Magnetic resonance imaging (MRI), functional MRI (fMRI) and positron emission tomography
(PET) are validated techniques used as supportive methods to confirm the diagnosis.

3D images of the brain physical structures generated by MRI have been demonstrated to
identify atrophy in the medial temporal lobe of late-onset AD patients and in the posterior cortex
(occipital lobes, posterior cingulate and precuneus) of early onset patients (Karas et al. 2007).
Even if certain degree of discriminative diagnostic power can be attributed to this technique,
such cerebral changes are not specific to AD, as they can also occur in other NDDs and in
normal elderly people. In PD diagnosis, MRl became more accurate over time thanks to the
iron-sensitive T2* technique able to reveal macroscopic nigral changes (dopaminergic deficits)
present in PD patients with respect to normal individuals. However, despite MRI usefulness in
measuring brain atrophy, a proper differential diagnosis is not possible due to structural lesions
associated with other forms of parkinsonism (Pagano, Niccolini, and Politis 2016).
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Figure 2. A) MS plaques of a 62 year-old woman with MS (moderate cognitive dysfunction) (image:
http://casemed.case.edu/clerkships/neurology/Web Neurorad/MSAdvancedCourse.htm). B) fMRI activity in
brain regions during face-name stimuli in patients with AD compared to healthy controls (Kivistd, Soininen,
and Pihlajamaki 2014).

MRI tool is also the most relevant, sensitive and non-invasive tool currently employed in the
diagnosis of MS (Figure 2.A). Since it is a demyelinating disease caused by an autoimmune
response against the central nervous system, scar tissue formation and cerebral lesions can be
easily visualized. However, as in the case of AD and PD, a correct diagnosis cannot be based
only on MRI. It should be considered that a specific correlation between the brain damages and
the clinical symptoms is not always possible and that some areas resembling MS damages are
also present during physiological aging. Thus, evoked potentials measures are considered in
parallel to detect response deficits after specific brain stimulation. In this way, the slower
electrical conduction due to the demyelination process can be detected in areas such as visual,
brainstem auditory and somatosensory regions (Ghasemi, Razavi, and Nikzad 2017).

fMRI instead measures and evaluates brain activity based on changes associated with
blood flow (Figure 2.B). For example, a decreased activity (corresponding to a recorded
decrease blood flow) can be assessed in the medial temporal lobe, parietal lobe and
hippocampal areas of AD patients compared to controls during a cognitive task (Golby et al.
2005; Dickerson et al. 2005; Celone et al. 2006). However, inter- and intra-individual variability
limits the use of fMRI in the differential diagnosis.

Another very useful technique is PET, which uses cellular metabolism to detect brain
dysfunction (Figure 3). Radioactive compounds are administered at a low dose to the patients
and can be conjugated to active and tropic and biological molecules. When the tracer is
released, the emission of gamma-rays by positron electron collisions is registered, showing low
energy intensity in AR plaque deposits and neurodegeneration areas. Several radiotracers have
been used in AD diagnosis, such as 2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-2-
naphthyl}ethylidene)malononitrile (FDDNP), Pittsburgh compound B (PIB) and 18F-
fluorodeoxyglucose (FDG). All of them have been successfully proved to differentially diagnose
AD patients with mild cognitive impairment (MCI) and controls. This type of diagnosis is possible
by targeting amyloid plaques, neurofilaments and detecting the decrease in cerebral glucose
metabolism. In particular, PIB selectively binds cortical and striatal AB plaques, showing a
positive correlation with AD diagnosis. However, PIB is also retained in normal individuals and
further studies are needed to clarify if this could be a preclinical sign of AD.

Despite their sensitivity and reliability, these radiotracers generally show poor specificity for
the diagnosis of dementia, because amyloid lesions and areas of metabolic reduction can also
be present in other types of dementia. Moreover, it should also be noticed that plaques and
tangles typical of AD patients are sometimes present in healthy elderly people (Reitz and
Mayeux 2014). In vivo changes at molecular level can be detected by PET and single photon
emission computed tomography (SPECT) also in PD patients. A significant reduction in
vesicular monoamine transporter type 2, dopamine transporter and L-aromatic amino acid
decarboxylase in the posterior putamen of affected patients can be detected by PET and
SPECT with a specificity and sensitivity around 80-100% (1231 of Ilupine (123I-FP-
CIT,DaTSCAN TM). However, no imaging techniques are specific enough for a proper

DigitCult | Scientific Journal on Digital Cultures



doi10.4399/97888255088955 Matilde Ghibaudi etal. | 55

differential diagnosis, thus making these methods not recommended for routine use in clinical
practice (Pagano, Niccolini, and Politis 2016).
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Figure 3. PET images of tau and AB lesions in normal elderly individuals and AD patients. Protein
accumulation is evidenced by red and yellow signals both in the normal elderly adult (middle image) and in
the AD patient (right image) (Images: https://www.alzheimer-riese.it, Michael Scholl).

The uniform glucose transport across the blood brain barrier in all the central nervous
system is fundamental for a correct cerebral functionality. Therefore, a decreased glucose
metabolism in specific brain areas is a sign of decreased cerebral activity linked to a loss of
synapse number and activity. In particular hypometabolism of specific areas, that can be
detected by FDG-PET, correlates with different AD stages. For example, a loss of ATP
production in the medial temporal part of the brain is related to a diagnosis of late onset AD,
while posterior lateral temporoparietal region hypometabolism well correlates with early disease
onset. Therefore, glucose metabolism detection can be used as a marker of AD progression.
Moreover, hypometabolism of the posterior cingulate-precuneus can also be found in MCI
patients not yet classified as AD cases. In this sense, a deficit in glucose metabolism can be
associated to a memory loss rather than an AD conversion (Nobili and Morbelli 2010).

Despite more selective imaging methods are continuously emerging, the current imaging
techniques together with the clinical symptoms do not allow a specific NDD diagnosis. For these
reasons, these tools are now only used as collateral methods to define a diagnosis that is still
extremely imprecise.

Biomarkers and Their Biochemical Detection

Cerebrospinal fluid (CSF) and blood biomarker detection are also employed to support
diagnosis of NNDs in combination with clinical symptoms, cognitive tests, and imaging data.
Yet, biomarkers detection does not have a diagnostic value by itself in most NDDs.

Current Biomarkers in Alzheimer’s Disease

AD pathophysiology can now be studied in vivo thanks to certain biomarkers in the CSF.
Currently validated CSF biomarkers of AD are AB42, t-tau, and phosphorylated tau (p-tau)
proteins. AB is the main component of AD plaques derived from amyloid precursor protein
(APP). Tau is a microtubule-associated protein whose hyperphosphorylation leads to misfolded
tau fibrils (tangles) that induce the formation and aggregation of neurofilaments. Although the
majority of AB is produced and released in the brain extracellular space, a small fraction of the
AB42 peptide can be found in the CSF in AD patients (10-15 ng/ml). Contrarily, the mechanism
by which tau appears in CSF is unclear. Both CSF-AB42 and CSF-tau have been shown to be
good markers for the presence of plaques deposition and neurodegeneration, especially when
combined.

A large body of evidence shows that AD patients present decreased levels of AB42 and
increased levels of t-tau and p-tau compared to healthy controls (Hampel et al. 2008; Mitchell
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2009). Levels of AB42 in CSF have been shown to be reduced by 50% in AD patients compared
to age matched controls likely due to a preferential deposition in the brain tissue during
pathology (Motter et al. 1995). Moreover, only the combined detection of the three mentioned
biomarkers (AR, tau, and p-tau) in the CSF significantly increases the diagnostic validity of the
test for sporadic AD, with a combined sensitivity > 95% and a specificity >85% (Humpel and
Hochstrasser 2011; Humpel 2011). These findings have led to the inclusion of these biomarkers
in the revised diagnostic criteria for AD as supportive feature of the clinical diagnosis (McKhann
et al. 2011). Unfortunately, the potential of the CSF biomarkers to discriminate AD from other
forms of dementia is being questioned (Rivero-Santana et al. 2016). Recent studies comparing
AD and other dementia suggest that specific variations of t-tau, p-tau, and AB42 concentrations
in the CSF can help discriminating among different diseases. However, there is a substantial
heterogeneity and inconsistency across studies (van Harten et al. 2011; McKhann et al. 2011).
Moreover, CSF-Ap42 levels do not appear to correlate with the progression and the severity of
the disease, and ageing per se can alter CSF-tau concentration. If we consider that CSF tau
levels are also detected in acute brain injury, that they remain stable through the course of AD,
that they do not correlate with AD severity and change with age, tau per se shows a rather low
diagnostic potential (Humpel 2011). While these evidences altogether show the pathological
relevance of the known biomarkers, they also highlight the current impossibility to employ them
as a stand-alone diagnostic reference in NDDs. Advancement in this field may be achieved
through i) the identification of novel biomarkers more selective for specific AD and likely leading
to the combined analysis of several biomarkers defining patient-specific signatures; ii) and /or
by new methodologies allowing the detection of small amounts of pathological proteins at early
disease stages and, of additional utmost importance, in easily accessible body fluids distinct
from CSF, whose withdrawal requires a very invasive procedure that should be avoided.

The standard biochemical method today available to detect biomarkers in AD and other
NDDs (see below) is the enzyme-linked immunosorbent assay (ELISA). ELISA detects the
presence of a substance in a liquid/wet sample (such as CSF or blood serum) thanks to
antibodies with specificity for a particular antigen. Despite the low detection limit of this
technique (1 pg/ml), ELISA fails to reveal established AD biomarkers in blood samples or urine
because of their very low amounts (Nimse et al. 2016). Furthermore, it does not allow the
analysis of lowly and highly expressed proteins in the same assay, which increases the costs
associated with diagnosis (Humpel 2011). Notably, the development of a multiplexed system to
measure all reference biomarkers concurrently in a single assay is required (Humpel 2011). Due
to these drawbacks, this methodology finds a limited application as a point of care detection tool
for NDDs.

In attempt to establish more robust assays and new detection approaches, Savage et al.
(2014), developed a modified ELISA assay to reveal AB-oligomers (which are more toxic than
monomers). They used an antibody coupled to a sensitive, bead-based fluorescent platform
able to detect the light emission of single photons. In this way, the authors reached a selectivity
for oligomers more than 25,000-fold higher than that for monomers, with a significant 3 to 5-fold
change increase in oligomer detection in the CSF of AD patients compared to age controls (63
AD vs 54 control patients) (Savage et al. 2014). However, specific biomarkers detection in CSF
of AD patients is not yet validated as a method for everyday clinical diagnosis.

Moreover, to circumvent current ELISA-related flaws in sensitivity and selectivity especially
for an early and discerning diagnosis in conditions of very low biomarker presence, a very
recent study proposed a method to detect AB in blood samples thanks to immunoprecipitation
approaches coupled with mass spectrometry (Nakamura et al. 2018). This method displayed an
accuracy of 90% in predicting AB brain burden at an individual level, as confirmed with PET
imaging. The possibility to use plasma biomarkers will surely bring relevant cost—benefit and
scalability advantages over current techniques, potentially enabling broader clinical access and
efficient population screening. However, while this study shows the potential predictive clinical
utility of plasma biomarkers, the proposed methodology remains still far from clinical
applications due to the need of further validation and standardization steps, and of the
development of cost-effective automated assays.
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Current Biomarkers in Parkinson’s Disease

In PD studies inconsistent findings were obtained in the attempt to employ a-synuclein CSF
concentration to distinguish PD from other NDDs (Farotti et al. 2017). For instance, two
independent validated ELISA assays were unsuccessfully used to detect CSF total a-synuclein
levels in order to distinguish PD patients from controls (Ferland et al. 2018). These results
support the possible inadequacy of a-synuclein as a single diagnostic and prognostic
biomarkers and also highlight the need to improve the diagnostic technology. Unfortunately, the
only reliable test is SPECT that can estimate the loss of dopamine terminals, and there are no
unequivocal lab tests that can confirm clinical diagnosis features in PD, contributing to the
relevant (10-20%) frequency of mis-diagnosis in this pathology.

Current Biomarkers in Multiple Sclerosis

Nowadays, the biomarkers used for the diagnosis and follow up of MS are Oligoclonal bands
(OCBs) in the CSF, white matter lesions on MRI, and JC viral titer in serum blood. In particular,
specific biomarkers would be extremely relevant to distinguish the four phenotypes of the
disease: Clinical Isolated Syndrome (CIS), relapsing-remitting MS, primary and secondary
progressive MS (Figure 4). However, as in AD, the number of biomarkers currently used in MS
clinical practice is rather small and with a limited discriminative diagnostic value.

Since MS is a pathology that involves immune cells systemically, particularly relevant is the
analysis of body fluids with ELISA methods to support the validity of the clinical diagnosis. The
first biomarker included in the MS diagnostic criteria in 1983 was the CSF presence of IgG
OCBs, bands of immunoglobulins that can be detected with protein electrophoresis. OCBs are
used as indicators of MS since up to 95% of all patients with multiple sclerosis have
permanently observable OCBs (Rivero-Santana et al. 2016). OCBs are still currently used also
to predict the conversion from CIS to MS. Together with OCBs, an IgG index > 0.7 can confirm a
suspicious demyelinating disease onset, supporting MS diagnosis (Comabella and Montalban
2014). However, a positive 1gG index or OCBs presence cannot be considered a certain proof of
disease. Indeed, around 10% of MS patients show a normal CSF composition, thus indicating
the non-selectivity of this method. Moreover, CSF harvesting is an invasive procedure that is
generally performed only once for each patient (Stangel et al. 2013).
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Figure 4. Diagnostic biomarkers currently used in MS diagnosis.
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The presence of specific types of antibodies (Abs) is also important in the clinic as
supportive element for a differential diagnosis. This is the case of anti-acquaporin 4 Abs whose
concentration in CSF/serum allows to specifically distinguish MS from Neuromyelitis Optica.
Indeed, such autoimmune inflammatory disorder clinically overlaps with MS, and discrimination
is essential as prognosis and treatment of the two pathologies are different (Lennon et al. 2004).
Other classes of Abs, simply measured by a blood test, are monitored in relation to the
employment of natalizumab, the most efficient drug for MS patients. Abs are produced by the
patients against natalizumab after 3 months of treatment. The persistence of these antibodies in
the serum has been associated with adverse effects and a reduced therapeutic efficacy, thus
requiring the suspension of the treatment (Segrensen et al. 2011). Another class of Abs that are
monitored in the serum/plasma are the so called anti-JC virus Abs, present in progressive
multifocal leukoencephalopathy (PML) patients. PML is caused by the reactivation of the JC
virus and emerged as a rare adverse event of natalizumab treatment. Therefore, the
seropositivity for anti-JC Abs is now examined before and during the treatment with
natalizumab, making this test a useful biomarker to assess the risk of PML. However, less than
1% of MS patients positive for JC Abs will develop PML, thus indicating the need for a more
selective biomarker (Plavina et al. 2014).

Taken together, these evidences show how far we are from the employment of easily
accessible and validated biomarkers for diagnosis of most NDDs. As a matter fact, nowadays
NDD diagnosis-prognosis is still really imprecise, usually late and, at the moment, only the
combination of imaging techniques and CSF protein concentration level is considered as a
reliable diagnostic support, in order to exclude or confirm NDD diagnoses mainly based on
clinical symptoms. Therefore, the current challenges to circumvent these limitations are many
and comprise: i) a more selective detection of small amounts of validated known biomarkers, ii)
the identification of novel selective biomarkers possibly defining disease and stage-specific
signatures, iii) the employment of scalable samples obtained with minimally invasive
approaches and adequate for screening, and iv) innovative, more selective and cost-effective
detection methods.

Novel Biomarkers

Single protein biomarkers in the CSF, as well as multi-component biomarkers, and biomarkers
based on gene expression constitute promising options for both early stage NDD detection and
differential diagnosis (Lonneborg 2008).

As regards AD, an example of novel CSF biomarkers is provided by cargo proteins, such as
chromogranin-B, a-synuclein, neuregulin-1, and nonamyloidogenic N-terminal fragment of APP
(sAPPa) (Schaffer et al. 2015). In particular cargo protein can be monitored to indicate alteration
in axonal transport, a common feature in neurodegeneration. In the CSF of three AD mouse
model Fanara et al. (2012) used a heavy water (2H20) pulse-deuterium labelling method that
was able to detect delayed appearance and disappearance kinetics, advocated an anomalous
axonal transport. Another CSF protein that could be employed for early diagnosis of AD is an
astrocyte-derived protein, YKL-40 (Burman et al. 2016). This protein is an inflammatory
biomarker highly up-regulated in patients with AD compared to normal subjects. Moreover, the
amount of YKL-40 is statistically different in distinct clinically defined patient groups, thus it is
possible to discern whether it is AD or cognitive impairment. On these bases, it has been
proposed that a combined measurement of AB1-42 and YKL-40 may represent a new way to
diagnose preclinical and early clinical stages of AD.

As highlighted above, a valuable methodology to facilitate AD diagnosis would be analysing
biomarkers in body fluids like blood or urine. These samples are cheaper and are obtained with
a better compliance of the patients. It is already known, for instance, that by analysing blood
samples it is possible to detect a decrease of apoE4 levels, which can be associated with
neuronal degeneration (Farrer et al. 1997; Lukens et al. 2009). Intriguingly, shortened telomere
length in peripheral leukocytes has been proposed to indicate an individual’s risk for developing
AD, so in 2009 a study compared the telomere length in peripheral blood leukocyte and
cerebellum samples of AD patients and controls. The results in the cerebellum were not
significant at all (Patel et al. 2011), suggesting that reduced telomeres in leukocyte of AD
patients may reflect changes in other regions of the brain.

Collecting urine from an AD patient could be an easy way to detect neuronal thread protein
(NTP), in particular, AD7c-NTP, that correlates to neural dysfunction (Patel et al. 2011). In fact,
high levels of that protein can be detected both in CSF and in urine of AD patients with a
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monoclonal antibody. Unluckily, NTP can be detected more easily in patients who already have
AD, thus not meeting the need of markers for early diagnosis (Lonneborg 2008). Unfortunately,
all of these innovative methods still wait standardization and validation, even if they are
considered to be very promising, especially when combined with other older better-known
biomarkers.

In PD, in spite of massive efforts to discover new diagnostic methods, no specific
biomarkers have been employed yet. The major issue is that, unfortunately, PD is a very
heterogeneous disease that shares similar early symptoms with other NDDs. Nevertheless,
during the last decade, the development of proteomics, metabolomics, and transcriptomics
techniques hold great promises for the authentication of subtle alterations in protein,
metabolites or RNA profiles in tissue and in body fluids (Caudle et al. 2010). All of these ‘omics’
techniques have been applied, ex vivo or in vivo, to brain tissue, CSF, blood and blood
constituents to help, during preclinical stages, the identification of sensitive biomarkers that may
help differentiating PD from other NDDs. In particular, an innovative way to diagnose PD could
be constituted by transcriptomic alterations in pathways in the human substantia nigra pars
compacta also detectable in blood of PD patients, but also novel genes and proteins like
mortaline, GATA-2, and ST13. In addition, a differential metabolic based profile was observed in
patients with idiopathic PD, PD with G2019S LRRK2 mutation, asymptomatic G2019S LRRK2
and normal controls (Caudle et al. 2010). Furthermore, proteomics helped researches to
characterize the human midbrain and the composition of the CSF, and these studies will be
used to recognize altered proteins and pathways in body fluids of PD subjects. Indeed, in 2009
Johansen et al. discriminate plasma metabolic profile of PD and LRRK2 PD patients compared
to controls, and they were able to discern patients from normal subjects. They observed a
peculiar decrease in uric acid level in both PD and LRRK2 PD patients plasma and a decreased
level of hypoxanthine and purine pathway in PD patients plasma (Johansen et al. 2009).

Omics techniques have been also exploited extensively to find and validate MS biomarkers,
together with studies on micro RNAs (Vistbakka et al. 2017; Regev et al. 2016). However, these
studies have not yet reached clinical applications mainly because of inconsistency of results.
Other potential markers could be neurofilaments (NFL) and glial fibrillary acidic protein (GFAP).
NFL levels in CSF of MS patients are elevated (Kuhle et al. 2015) and can be easily determined
by ELISA. Recently Kuhle and collaborators (2016) have further demonstrated that serum NFL
levels could be a potential biomarker of on-going disease progression, but these evidences
need to be reconfirmed in larger cohorts of patients. Another neuronal and glial cell damage
biomarker that shows high level in MS patients is GFAP. In particular, it correlates to reduced
ambulation and severe disability (Petzold et al. 2002). On the other hand, many other molecules
that appeared very promising in single studies with quite a small cohort of patients (serum anti-
MBP and anti-myelin oligodendrocyte glycoprotein antibodies in patients with CIS, cleaved
cystatin C in the CSF, CSF soluble Nogo-A, serum soluble HLA-G, and serum IL17F as a
response biomarker for interferon-beta treatment) turned out to be useless for the clinical
practice (Alsahebfosoul et al. 2000; Lindsey, Crawford, and Hatfield 2008; Kuhle et al. 2007). In
fact, unfortunately, the current medical tools are still not enough sensitive or specific for the
prediction and the monitorization of neurodegenerative diseases and treatment effects.

Despite their presence in clinical practice, the number of biomarkers currently used in NDDs
diagnosis and prognosis is still very low compared to the great number of validated or
exploratory molecules now under investigations.

Graphene Technology

The need to overcome the current limitation in diagnostic approaches through the development
of diagnostic tools with enhanced selectivity and sensitivity, as well as the pressing demand for
new, more selective biomarkers, has recently attracted attention on graphene and its
derivatives, as new materials for biosensing applications (Terse-Thakoor, Badhulika, and
Mulchandani 2017). Graphene is a two-dimensional (2D) material, composed of a monolayer of
carbon atoms, and considered as the world’s first 2D nanomaterial (Figure 5), originally isolated
by Andre Geim and Kostia Novoselov, two researchers of the University of Manchester who won
the Nobel prize in physics for the discovery (Geim and Novoselov 2007). This single atomic
layer of carbon is transparent, strong and at the same time flexible. It is, in addition, an
electricity conductor (Pumera et al. 2010; Goenka, Sant, and Sant 2014; Lawal 2015). It
possesses unique physicochemical properties due to its large surface to volume ratio, excellent
thermal and electrical conductivity, biocompatibility, as well as broad electrochemical potential
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(Terse-Thakoor, Badhulika, and Mulchandani 2017). These features, together with the presence
of reactive edges that facilitate functionalization with biorecognition elements, have made
graphene a popular material for the development of electrochemical or optical sensors. These
sensors showed enhanced sensitivity and specificity thanks to the integration of metals, metal
oxides and quantum dots (Gao and Duan 2015; Favero et al. 2015; Song et al. 2016) for both
ex situ and in situ applications. A further appealing characteristic of this material is the low cost,
that significantly adds to the unique selling point of graphene, and propels research on this
material in biomedical applications (Defterali et al. 2016).

The development of graphene-based biosensors and electrochemical sensors helping in
detecting a wide array of analyte and biological entities such as DNA, proteins, and pathogens,
has indeed started in several medicine fields (Justino et al. 2017) (Figure 6). The large surface
area of graphene can enhance the surface loading of desired biomolecules, and excellent
conductivity and small band gap can be beneficial for conducting electrons between
biomolecules and the electrode surface. Graphene biosensors are therefore under development
for the detection of a range of analytes like glucose, neurotransmitters, cholesterol, hemoglobin
and more. Moreover, graphene also has a significant potential for electrochemical biosensors
based on direct electron transfer between the enzyme and the electrode surface. For instance,
in cancer research, microfluidic chips with a graphene sensor have been developed to sense
and isolate cancer cells with capture yields and detection sensitivities that were much higher
than those reported for conventional approaches (Reina et al. 2017). Graphene materials have
also successfully been employed as electrochemical sensors in antibody-antigen based
platforms for the detection of cancer proteins. In these applications, the intrinsic sensitivity and
specificity of the antibody/antigen interaction was implemented by the exceptional transduction
sensitivity of graphene. In these applications, apart from the improved electron transfer
properties in the electrochemical measurements, graphene-based electrodes provided also the
advantage of detection of multiple antigens (Reina et al. 2017). Notably, in cancer studies the
increased sensitivity provided by the employment of graphene suggests that graphene
biosensors in a near future may represent an efficient way to detect low quantities of cancer
biomarkers, allowing cancer diagnosis at early stages (Ghanbarzadeh and Hamishehkar 2017;
Balaji and Zhang 2017; Cruz et al. 2016; Pasinszki et al. 2017).

On these bases, graphene-based technology has been investigated also in NDD for both
therapeutic and diagnostic (biomarkers detection) applications. The low cost and potential
increased sensitivity and selectivity conferred by graphene-based sensors may allow both the
early detection of low amounts of pathological biomarkers and the employment of easy-to-
obtain body fluids (distinct from CSF), where relevant molecules are present at very low
concentration, which makes them very difficult to detect with conventional methodologies. In
particular, we report studies that prospect graphene-based applications for the cure and the
diagnosis of AD, PD and MS.

Graphene-Based Materials

The great majority of the applications of graphene-derived materials employ Graphene
Quantum Dots (GQDs) and Graphene Oxide (GO). In particular, GQDs are a single-or few-layer
graphene with a size less than 100 nm, that are greatly biocompatible, low cytotoxic and have
photoluminescence and hydrophobic properties. Moreover, GO (Figure 5) is an oxidized form of
graphene, with high-density oxygen functional groups (like hydroxyl, epoxy and carboxyl group),
and it is dispersible in water (and other solvents) (Yu et al. 2016).

Researchers’ close attention to the world of biomaterials led to the rise of a new class of
graphene-like 2D materials (2DMats) (Bollella et al. 2017). This emerging class of materials
(including boron nitride (BN), graphite-carbon nitride (g-C3N4), transition metal dichalcogenide
(TMDs), transition metal oxide and graphane) is considered unique for its properties, which
allow applications in energy conversion, catalysis, biosensing and in the biomedical field.

The core structure of BN nanosheets is based on alternate boron and nitrogen atoms acting
as an insulator, covered by a honeycomb lattice structure (Lin and Connell 2012). Graphite-
carbon nitride is, instead, a polymeric material composed by C, N and H atoms interconnected
via tris-triazine-based motifs and it is considered a semiconductor (Zhu et al. 2014).

TMDs, differently from graphene, do not consist of a single layer of atoms. They are made
of a layer of transition metals such as molybdenum, tungsten or niobium, included in two layers
of chalcogen atoms. This sandwich structure is linked by weak van der Waals bonds, whereas
the atoms are held together by covalent bonds (Lv et al. 2015). TMDs and graphene share
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some properties, as they are thin and strong. However, unlike graphene, most of TMDs are
semiconductors although some of them are semimetals or metals.

Transition metal oxides are functional materials, which have many applications because of
their different properties, so that there is a new interest on the development of new structures,
such as nanotubes and nanofibers (Sun et al. 2015). Finally, graphane is a hydrogenated form
of graphene, and it is characterized by a reversible hydrogenation that allows controlling its
conductive properties, from insulator to conductor (Zhou et al. 2014). This property leads to its
use for high sensitive nanosensors.

If 2DMats are still under intense investigation and are far from their employment, GDQs and
GO technologies are largely applied with encouraging results in the research field of NDDs, in
particular for (i) AD, (ii) PD and (iii) MS.

Figure 5. Structure of graphene. A) Graphene, B) Graphene Oxide.

Figure 6. Schematic representation of possible applications of graphene. Graphene for protein (A), cell (B)
and nucleic acid (C) detection.

Graphene-Based Applications in Alzheimer's Disease

AD is characterized by the aggregation of AR peptides and the central motif of AB1-42 is
hydrophobic. Because some studies proved that modifications of hydrophobic regions can
promote the disassembly of AB fibrils (R. Liu et al. 2004; Tao L. Lowe et al. 2001), GQDs, for
their hydrophobic properties, have been widely studied. In particular, Liu Y et al. (2015) provided
a proof-of-concept of the ability of GQDs to inhibit AB1-42 peptides aggregation, employing a
thioflavin T (ThT) fluorescence assay to monitor fibrils formation; rescue AB induced cytotoxicity
treating PC12 cells with peptides alone or in the presence of GQDs; GQDs are also able to
increase cell survival of about 80% (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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— MTT — assay). As far as we know, this is the first study that prove the ability of GQDs to inhibit
AB1-42 aggregation and that promotes the development of therapeutic drugs for AD. Moreover,
GQDs can also be used as conjugated forms. Songhua Xiao et al. (2016) designed a new
nanomaterial called graphene quantum dots conjugated neuroprotective peptide glycine-proline-
glutamate (GQDG) that has been administered intravenously to a mouse model of AD. The
Morris Water Maze test demonstrated a better cognitive ability related to the control group,
which indicates that treatment with GQDG could improve learning and memory capability. For
what concerns immunohistochemical analysis, researchers showed that GQDG lead to a
decrease of AR plaques, to a reduction of microglial activation, an increase of dendritic spines,
that correlates to the improve in learning and memory capability and an increase in newly
generated cells. Based on these encouraging findings, GQDs could be used for the
development of therapeutic drugs for AD.

Researchers (Huang et al. 2017) proposed that GQDs can be used as a detector of
monomeric amyloid peptides. Detection of the concentration of amyloid monomers is important
in the diagnosis of AD. To investigate protein amyloidogeneis, Thioflavin T (ThT) is the prevalent
probe for monitoring and visualizing AB fibrils (Biancalana and Koide 2010). GQDs, thanks to
the fluorescence of graphene, can actually be used as a detection probe comparably to ThT.
Furthermore, unlike ThT they do not need a co-incubation with the fibrillogenesis system that
might bring interference into the system.

For what concerns GO, in an interesting study Demeritte T. et al (2015) developed an
antibody-conjugated platform to detect AD biomarkers. They employed a magnetic core-
plasmonic shell nanoparticle attached to hybrid graphene oxide that capture with a sensitivity of
more than 98% AD biomarkers (AR and tau protein) from whole blood sample. Such high
sensitivity is due to the strong plasmon-coupling which generates huge amplified
electromagnetic fields, a feature exploited by surface enhanced Raman spectroscopy (SERS)
(X. Xu et al.,, 2013). Therefore, despite further investigations are necessary to optimize
graphene-derived materials in AD therapy and biomarker detection, the results obtained until
now make graphene one of the best candidate for biosensor engineering.

Graphene-based Applications in Parkinson's Disease

In analogy with therapeutic applications in AD, GQDs were used not only to inhibit a-
synucleinfibrillization but also to disaggregate mature fibrils (Kim et al. 2017) (Figure 7). In
addition, in vivo administration of GQDs protects against a-synuclein-dependent loss of
dopamine neurons and behavioural deficits through the penetration of the blood-brain barrier
(BBB).

We know that one of the major properties of graphene is its metallic conductance and its
large accessible surface area. For these reasons, graphene has been studied for impedimetric
biosensing. GO is particularly interesting because it possesses hydroxyl, epoxy, and carboxyl
functional groups that can be functionalized with different reagents.

On the side of biosensor development, Xu et al. (2015) provided a proof for the use of GO
in the detection and quantification of serum-based a-synuclein autoantibodies. In particular, they
reported that the use of cysteamine-graphene oxide modified gold arrays in the quantification of
Parkinson’s-relevant autoantibodies could be a good platform for diagnosis of preclinical PD.
Another study, thanks to the nanoimprint lithography technique, developed a GO-based
microelectrode array on a flexible platform in order to selectively detect dopamine and H202 at
remarkable low concentrations (Reina et al. 2017). In this case, the authors successfully
combined the intrinsic advantages of graphene with the device miniaturization into a
microelectrode without altering the sensing properties. These two examples demonstrate the
promising applicability of graphene-based materials also to detect PD biomarkers, thereby
opening promising perspectives also for other NDDs.
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Figure 7. Schematic representation of GQDs ability to disaggregate a-synuclein fibrils, and to prevent their
formation.

Graphene-Based Applications in Multiple Sclerosis

GO technology has also been applied in MS, with the same rationale of PD. In MS, clinical
examination consists in magnetic resonance imaging (MRI) and CSF biochemistry
measurements, which includes Immunoglobulin G (IgG), Myelin Basic Protein and tau
quantifications. However, these methods are expensive and time consuming and especially not
so efficient for early diagnosis.

Derkus B. et al. (2017) developed a nanoimmunosensor in which a screen-printed carbon
electrode (SPCE) is modified with GO and amine functionalized 1st generation
trimethylolpropanetris[poly(propyleneglycol)] (pPG) and then is conjugated with Myelin Basic
Protein and tau antibodies. These nanoimmunosensors can detect and successfully measure
two MS biomarkers, tau, and MBP, in CSF and serum. Moreover, nanosensors result to be fairly
close to the commercially available ELISA in terms of sensitivity and allow the quantification of
two biomarkers simultaneously. Even if these data are only preliminary, this study provides a
proof-of-concept for the clinical use of graphene-based nanoimmunosensors in MS.

To sum up, there are several studies on the development graphene-based strategies that
could be applied for NDDs. In particular, besides their potential therapeutic applications, GO
platforms and GQDs can support the development of cost-effective sensors with potential
increased sensitivity and selectivity toward multiple biomarkers, allowing both the early
detection of low amounts of pathological biomarkers, and the employment of easy-to-obtain
body fluids (distinct from CSF), where relevant molecules may be present at concentrations
undetectable with conventional methodologies.

Conclusions and Future Perspective

There is an urgent need for selective and effective treatments to face the lack of efficient drugs
to cure NDDs. Thus, nowadays research aims at ameliorating biomedical diagnostic tools and
optimizing biomarkers detection, because early diagnosis may be the key for a successful
prevention and cure. Although novel molecules are emerging as encouraging biomarkers,
established targets could still reveal an enhanced diagnostic power, if detected in low amounts
at early stages of disease and/or in body fluids easily accessible thanks to the development of
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innovative biomedical sensors, with high specificity and sensitivity. In this frame, because of its
physical properties and affordability, graphene has started to be employed to build ultrasensitive
and potentially miniaturized biosensors for early detection and differential diagnosis of NDDs.

It can be further envisaged that, through graphene-based inexpensive sensor technology
applied on easily accessible body fluids (e.g. blood, urine), multiple types of biological targets
(e.g. proteins, transcripts, metabolites) will be detected in large-scale studies to provide
complex multi-modal inputs to deep neural networks, which are efficient algorithms designed to
recognize patterns. Extracted features can be fed to deep learning algorithms leading to the
identification of new and more selective biomarkers for NDD correct diagnosis and prognosis, in
a fashion similar to what is nowadays happening in aging, cancer and in pharmaceutical
research, where growing datasets are mined for biomarker development and the identification of
predictive trajectories. Identified biomarkers may be further implemented in a routine risk-
stratification protocol prospectively valuable also to develop an economic model defining the
most cost-effective screening strategies exploitable for health plans.
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